abstract: We analyze the transient dynamics of simple models of keystone predation, in which a predator preferentially consumes the dominant of two (or more) competing prey species. We show that coexistence is unlikely in many systems characterized both by successful invasion of either prey species into the food web that lacks it and by a stable equilibrium with high densities of all species. Invasion of the predator-resistant consumer species often causes the resident, more vulnerable prey to crash to such low densities that extinction would occur for many realistic population sizes. Subsequent transient cycles may entail very low densities of the predator or of the initially successful invader, which may also preclude coexistence of finite populations. Factors causing particularly low minimum densities during the transient cycles include biotic limiting resources for the prey, limited resource partitioning between the prey, a highly efficient predator with relatively slow dynamics, and a vulnerable prey whose population dynamics are rapid relative to the less vulnerable prey. Under these conditions, coexistence of competing prey via keystone predation often requires that the prey's competitive or antipredator characteristics fall within very narrow ranges. Similar transient crashes are likely to occur in other food webs and food web models.
since Paine's (1966) well-known study of the effect of sea star predation on the diversity of competing sessile prey species. A keystone predator such as the sea star, Pisaster ochraceus, prevents exclusion of the weaker competitor by preferential predation on the stronger competitor. This mechanism is thought to be an important factor maintaining diversity in many natural communities (cf. Mills et al. 1993; Menge et al. 1994; Leibold 1996; Leibold et al. 1997; Chase et al. 2002; Chase and Leibold 2003) . For instance, models of keystone predation have figured prominently in analyses of aquatic communities in which two classes of phytoplankton (edible and grazer resistant) share the same essential mineral nutrients and are susceptible to the same set of herbivorous zooplankton (Leibold 1989 (Leibold , 1996 Carpenter 1992; Noonburg et al. 2003; Fox 2004) . Indeed, an analysis of several well-studied food webs showed that the "diamond-shaped" pattern of connections, in which competing prey species share both a common resource and a common predator, is one of the most common modules within those larger webs (Milo et al. 2002) .
Modeling efforts have focused on describing the conditions under which predator-mediated coexistence is possible (Cramer and May 1972; Phillips 1974; Vance 1974; Armstrong 1979; Leibold 1989 Leibold , 1996 Carpenter 1992; Abrams 1993 Abrams , 1999 Holt et al. 1994; Grover and Holt 1998) . A necessary condition for stable coexistence of the two prey in the diamond-shaped food web is that they differ in their ratio of sensitivity of per capita growth rate to predator density relative to sensitivity to resource density (Leibold 1996) . Roughly speaking, the prey that is the superior resource competitor must be more vulnerable to the predator. This is necessary but not sufficient to produce coexistence. Coexistence also requires that if the prey species are similar in competitive abilities, they cannot differ too much in antipredator abilities (or conversely, similar antipredator abilities mean they cannot differ greatly in competitive ability; Armstrong 1979) .
As is true of much ecological theory, studies of coexistence of prey in the diamond food web have often concentrated on equilibrium conditions and conditions for the increase of species when they are very rare rather than the transient dynamics that precede the limiting behavior (Armstrong 1979; Abrams 1993; Holt et al. 1994; Leibold 1996; Chase and Leibold 2003) . However, several studies of other food webs, including those of Hastings and Higgins (1994) , Hastings (2001) , McCann and Yodzis (1994) , and Chen and Cohen (2001) , have provided examples of lengthy transients in ecological models (reviewed in Hastings 2004) . Transients in at least one model have been shown to entail low densities, which may imply extinction in real systems unless the maximum population sizes are large (Holt and Hochberg 2001) . In another example, transient dynamics of the food web have been shown to hide a continual decline in the fitness of one species (Abrams 2002) . However, for most simple food webs, we do not know how a consideration of transient dynamics would affect the ecological conclusions normally drawn from those models (Hastings 2004) . This article will show that transient cycles with extreme amplitudes characterize a wide range of parameter space in simple models of keystone predation. These transients can greatly reduce the conditions allowing coexistence of prey species in this model and can affect larger food webs that include species that share both predators and limiting resources. The present results suggest that generalist predation may be a less potent mechanism for enabling coexistence between competing prey species than has previously been thought. In particular, such predator-mediated coexistence may be largely restricted to systems based on abiotic resources, to systems with very large population sizes, or to predators whose generation times are not much longer than those of their prey.
In the following "Analysis" section, we begin by considering one of the simplest models of predator-mediated coexistence, a four-species model in which two prey share a single predator and a single resource (the diamond web). We also begin with simple assumptions about the functional and numerical responses of the consumer species. After analyzing the conditions required for coexistence in this model, we then repeat the analysis on a variety of similar but generally more complicated models. The goal in all cases is to determine when transient dynamics significantly restrict the range of prey species characteristics that permit their coexistence.
Analysis

Criteria for Coexistence
It is possible that a diamond-shaped web can arise in a habitat that initially lacks all of the species via simultaneous high levels of immigration of all species. However, when immigration rates are low and all four species are initially absent, it seems more likely that such a system will be built up one species at a time, starting with the bottomlevel species (the resource). To reach the full four-species system, there must then be a feasible sequence of invasions that leads to the full community. In the case considered here, the penultimate step in such an invasion sequence must be a three-species food chain because if the predator is not present, the two prey cannot stably coexist on the single resource (Armstrong and McGehee 1980) . There may be one or two different food chains to consider, depending on whether the less vulnerable prey alone can support the predator. If at least one of these invasions is possible, the four-species system can be built up, and coexistence may occur. However, considering only the initial conditions for invasion neglects the dynamics that occur between the initial invasion and the final approach to the equilibrium point. We show below that these dynamics may frequently involve unrealistically low densities of one or more of the component species. Very low densities can imply extinction either because the density represents less than a single individual or because it represents such a small number that either environmental or demographic stochasticity or Allee effects are likely to cause extinction.
Basic Model
Our initial analysis focuses on the simplest model of the diamond food web, in which predator and prey species have linear functional and numerical responses. This web is composed of two competing prey species (with populations N 1 , N 2 ) that share a single resource (R) and a single predator (P). The dynamics are governed by
2 2 2 2 2 dt dP p P(e s N ϩ e s N Ϫ D).
In the absence of prey (consumers), resource growth is logistic, with intrinsic rate of increase r and carrying capacity K. Each prey species has a type 1 functional response with attack rate c i , conversion efficiency b i , and densityindependent death at rate d i . The predator also has a type 1 functional response with attack rate s i , a conversion efficiency e i , and a density-independent death rate D. We do not consider type 2 functional responses in this first 
species that is present (see eq.
[1]). The condition i p prey that prey i alone supports the predator is (c s r/c )
. If the inequality is reversed, the predator is not supported by prey D i alone.
model because it is already known that the population cycles that are often generated by such responses significantly narrow the range of prey characteristics allowing coexistence (Abrams 1999) , even when transients are not considered.
One condition for coexistence of the two competitors is a trade-off between competitive strength and susceptibility to predation: the superior competitor must be more susceptible to predation. The superior competitor is the species that reduces resource density to the lower equilibrium, that is, the lower in general competition theory * R (Volterra 1931; Tilman 1982 Our analysis proceeds as follows. We first present conditions for coexistence of the two competitors at equilibrium in the full four-species system. We then show how these may be modified by the transient dynamics that occur during the process of community assembly.
Conditions for Mutual Invasion
In previous analyses of this type of system, the two prey are considered to coexist if each species is able to increase from low density when the other species are at equilibrium (Abrams 1993; Holt et al. 1994; Leibold 1996; Chase 1999; Chase and Leibold 2003) . In general, mutual invasibility need not imply coexistence (Armstrong and McGehee 1980) ; however, this is true for equation (1) provided there are no restrictions on population size (app. A in the online edition of the American Naturalist). We use a superscript to denote the three-species equilibrium with a given prey present; for example, is the resource equilibrium * (1) R when prey species 1 is present but species 2 is absent. Expressions for these equilibria are listed in table 1.
The mutual invasibility conditions partition the parameter space into regions in which competitor 1 excludes competitor 2, competitor 2 excludes competitor 1, or both competitors coexist. As we explain in the next two paragraphs, the diamond community is most likely to be formed by invasion of the food chain with the more vulnerable prey, species 1, by the less vulnerable prey 2. In the following analysis, we present the boundaries in terms of one parameter that determines competitive strength (d 2 ; recall that this is an inverse measure of competitive strength) and another that specifies predator susceptibility (s 2 ) of species 2 (e.g., fig. 1 
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The criterion for the lower boundary of d 2 is determined by the invasion condition for species 1 into a food chain with species 2. This condition depends on whether species 2 can support a predator population in the absence of species 1. If species 2 cannot support the predator (table 1) , species 1 can invade if it outcompetes * (2) P ! 0 species 2 in the absence of predators: Equation (3) defines the minimum d 2 for this case. Invasion of species 1 would then result in exclusion of species 2, and this would eventually be followed by invasion of the predator. The final step in community buildup is then reinvasion of prey 2, which is possible when parameters satisfy inequality (2). However, for some parameters, prey 2 can support a predator population in the absence of prey 1; this occurs if (table 1) or * (2)
In this case, the minimum value of d 2 is that for which the initial per capita growth rate of a small invading population of species 1 is just positive. This results in the following condition: 
Coexistence boundaries based on mutual invasion are displayed for a sample set of parameter values in figure 1. Figure 1A shows that coexistence can occur over a reasonably broad range of both prey characteristics when the predator is relatively inefficient (high D). Increasing predation on the weaker competitor (increasing s 2 ) decreases the maximum per capita death rate (d 2 ) that allows species 2 to invade and therefore decreases the range of d 2 over which coexistence is possible. As shown by comparing the three panels of figure 1 
Conditions for Invasion Taking Account of Transient Dynamics and Finite Populations
The above analysis does not take into account what happens to both prey and the predator between the initial successful invasion and the final approach to equilibrium densities. Here, we examine these trajectories for a range of parameter values. We determine when large-amplitude transient oscillations follow invasion of the second prey for one or (if two chains are possible) both food chains. If one or more of the three original species drops to an unrealistically low level during these fluctuations, or if the invader itself drops to such a level after its initial period of increase, then the invasion sequence in question will not lead to the full four-species community. We used numerical integration based on a fourth-order Runge-Kutta algorithm to determine the postinvasion dynamics. We assumed an initial invader density of N p i , while the other species start at their equilibrium 0.0001 densities for the three-species chain. Results are relatively insensitive to the initial density of the invader. Figure 2 is an example of such dynamics, showing the large-amplitude oscillations that follow invasion of N 2 . Prey 2 initially depletes the resource, which causes the resident prey (N 1 ) to decrease because it still suffers relatively high predation as the predator population slowly declines. After the predator density falls, N 1 recovers and overshoots its new equilibrium, depressing N 2 and thereby perpetuating the cycle. In this example, the minimum density of prey 1 during the initial transient is approximately , more 
The four-species equilibrium is , , * * *
than six orders of magnitude below its equilibrium in the food chain lacking prey 2 and almost six orders of magnitude below its eventual equilibrium in the four-species web. This is true even though prey 2 is quite inefficient at resource exploitation (d 2 is more than twice the minimum value for which coexistence at equilibrium is possible).
In the following analysis, we show how consideration of transient dynamics during community buildup narrows the equilibrium coexistence region in figure 1. Oscillations that reduce the resident prey to a density !10 Ϫ5 times the preinvasion density are classified as producing extinction. We chose this threshold because many natural population sizes are !10 8 ; for this size, our threshold implies a minimum !1,000 for such a population, and frequent drops to such a size at least greatly increase the probability of extinction (Lande et al. 2003) . We also assume that if the invader drops six orders of magnitude below its initial maximum density, it also goes extinct (we use a lower threshold here because the transient maximum in species 2 is generally much higher than its eventual equilibrium). Additional trials suggested that our results are insensitive to the initial density of the invader and are relatively insensitive to the extinction threshold. Although precise predictions of extinction probability require a stochastic model with discrete variables, the assumption that low densities in continuous-state variable models imply extinction has a long history (e.g., Rosenzweig 1971; Gilpin 1975) . We classify a set of parameters as leading to coexistence if the four-species system can be built up by at least one invasion sequence in which transient dynamics do not cause any of the species to drop below these threshold densities.
The result of applying the above procedure to another example is shown in figure 3 . There are two important conclusions from this figure. First, a significant range of death rates of the less vulnerable prey result in "extinction" of either the more vulnerable prey or the predator followed by the less vulnerable prey during the course of the transient dynamics. Second, this range of parameters leading to extinction is larger when the top predator has relatively slow dynamics (low e) and relatively high efficiency (low ). Extinction of prey 2 during transient dynamics in a D/e system with prey 2 initially resident is possible for a relatively narrow range of parameters at high s 2 and high d 2 . However, all of these systems can be assembled by invasion of species 2 into a chain with species 1 resident, so they do not alter the coexistence conditions shown in figure 3.
Greater demographic rates of the more vulnerable species also increase the chance that it will drop to very low levels under the combined pressures of high predator densities and competition from a less vulnerable prey. If we reexamine the examples in figure 3 but increase both conversion efficiency (b 1 ) and per capita death rate (d 1 ) of the more vulnerable species 10-fold, the coexistence areas are greatly reduced even though mutual invasion conditions are unaffected. If we take the example of an invulnerable second "prey" with (the left-hand side of the Xs p 0 2 axis in fig. 3 ), the minimum values of d 2 allowing coexistence are increased from 0.62 to 1.475 for the case of in figure 3A and from 2.01 to 2.53 in figure 3B . More nearly equal competitive abilities of the two prey species also produce a greater crash in the density of species 1 following invasion by species 2. Either increasing c 2 or decreasing d 2 increases the relative competitive strength (and initial per capita growth rate on invasion) of prey 2, allowing it to deplete the resource to a greater extent before the predator dies off and prey 1 recovers. Hence, for a given value of c 2 , decreasing d 2 increases the duration of the transients as well as their amplitude (meaning a smaller minimum N 1 during the transient). Increasing c 2 for a fixed value of d 2 has a similar effect.
There are two consequences of increasing the vulnerability of the resistant prey, s 2 , above 0. One is that prey 2 is depressed by the predator, lessening resource competition with prey 1. This effect by itself will increase the minimum density of prey 1 during the transient cycles.
On the other hand, increasing s 2 also provides sustenance to the predator; this effect alone would reduce the minimum N 1 . The net effect of increasing s 2 may thus be to broaden or to narrow the parameter region yielding extinction of species 1 during the transient dynamics. The fact that the extinction boundary in figure 3 slopes upward as s 2 increases along the X-axis means that the effect of increased predator numbers outweighs the effect of reduced resource competition; increasing s 2 greatly decreases the minimum density of N 1 in the initial transient. In figure  3A, where the positive effect of reduced resource competition predominates when s 2 is increased.
The conversion efficiency of the less vulnerable prey into predators, e 2 , affects the ability of the predator to maintain itself when the vulnerable prey is scarce and therefore affects the transients in a manner similar to vulnerability, s 2 . When the less vulnerable prey has a conversion efficiency one-third of that of the more vulnerable prey ( ; ) and , the minimum d 2 e p 0.1 e p 0.033
(based on 10
Ϫ5
) shown in figure 3A is reduced from 1.01 to 0.68, making coexistence occur over a broader range of species properties. Conversely, coexistence conditions become more restrictive when e 2 is 1e 1 . Increasing resource productivity via a larger value of K alters coexistence boundaries even when transient dynamics have little impact. However, the minimum density of prey 1 during transient cycles (relative to its equilibrium in the three-species food chain) decreases extremely rapidly with resource carrying capacity. For example, if the carrying capacity is doubled in the example shown in figure 2, the minimum transient density of species 2 is reduced by approximately 15 orders of magnitude even though the equilibrium density is reduced by only 20%. Results in appendix B in the online edition of the American Naturalist show that a proportional increase in K is equivalent to proportional increases in the conversion efficiencies of the two prey, b i .
The above results are changed quantitatively, but not qualitatively, by changing the exact value of the population threshold used to classify a low density as extinction. For some populations, the five-order-of-magnitude reduction may still be too high a density to result in extinction. However, decreasing the critical density that defines extinction by two or three additional orders of magnitude had relatively modest effects on the parameter ranges allowing coexistence in most of the models we examined. Applying a threshold proportional reduction of 10 Ϫ8 rather than 10 Ϫ5 to figure 3A (with ) reduces the minie p 0. Ϫ20 can significantly change coexistence boundaries in some cases. The length of the transient oscillations is not closely related to the minimum population densities during the initial phases of those oscillations. If we considered the amount of time spent at low densities over the entire course of the transients, the results reported above would also change in a quantitative, but not a qualitative, way.
The above results do not constitute a complete analysis of parameter space for equation (1). However, in appendix B, we scale the model to show that the dynamics depend on only eight parameter combinations. The above calculations describe the effects of changes in all of the parameters of the scaled version of the model presented in appendix B. The efficiency and demographic rates of the predator as well as the demographic rates of the more vulnerable prey seem to be the key parameters determining the relative size of the parameter space where extinction during transient dynamics is likely.
It is important to note that transient fluctuations can affect community assembly at stages before the addition of the less defended prey, which is the last species added in the assembly process considered here. The addition of a top-level consumer to a food chain can cause largeamplitude transient cycles when the top consumer has a low-equilibrium prey requirement relative to the preaddition equilibrium prey density and when the introduced consumer has dynamics that are rapid relative to its prey (Renshaw 1991; P. A. Abrams and E. G. Noonburg, unpublished results) . However, more rapid dynamics of the top consumer are biologically unlikely (Moloney and Field 1989; Cohen et al. 2003) and are the opposite of the conditions that lead to large transients in the final stage of assembly of the diamond web considered here.
It is also important to note that a four-species community could arise by invasion when parameter values do not produce large transients, followed by environmental or evolutionary change in the parameters. However, such a case would still be vulnerable to extinction via transients if the resistant prey were reduced to low levels by appropriate environmental stochasticity.
Alternative Models
In this section, we analyze three alternative models in some detail and briefly consider a variety of other models.
Abiotic (Chemostat) Resources
We consider a modification of the basic model in which the resource enters the environment at a fixed rate r; what is not consumed leaves at per capita rate q. Only the equation for the dynamics of the resource differs from equation (1):
1 1 2 2 dt This sort of dynamics could represent any resource that enters a system at a rate independent of its density inside the system but leaves at a rate proportional to its current density. Holt et al. (1994) , Leibold (1996) , and Grover and Holt (1998) use this model of resource growth in their analyses of the diamond web. The three-species equilibrium resource density is
Equilibria for N i and P are identical to values derived from the basic model (table 1) . The coexistence boundaries can be found from equations (2)- (5) by substituting equation (7) for . * (i) R To make the example comparable to our primary model, we choose r so that the maximum growth rate of the (1) in the system shown in figure 3A ( ), and we adjust q so that r p 1/4 , , and are identical to the equilibrium den- * (1) * (1) * (1) R N P 1 sities in that figure. The results ( fig. 5) show that transient dynamics still reduce the range of parameters allowing coexistence, although they produce a significantly smaller reduction than in the comparable logistic resource model ( fig. 3A) for the case of rapid predator dynamics (e p i ). It is likely that the constant influx of resources at low 1 resource abundances in the chemostat model shields the prey from very low densities and dampens the transient cycles. However, transient cycles are still sufficiently large to affect coexistence for a significant range of parameters, particularly when predator dynamics are slow (
). e p 0.1 i As in the case of logistic resource growth, more rapid dynamics of the vulnerable consumer species also shrinks the range of relative prey efficiencies allowing coexistence.
Lotka-Volterra Competition
The second alternative we examine is a model in which the single resource is not represented explicitly but is modeled using the standard Lotka-Volterra competition equations. In this case, the equation for prey 1 is and maximum per capita growth rate g 1 . The equation for prey 2 is equivalent, with a 21 being the competition coefficient of species 1 on 2. The predator equation is identical to the basic model (eq.
[1]). The Lotka-Volterra competition model does not have the time lags in the effects of resource competition that are present in equation (1) and is more appropriate for direct interference competition or competition for space. The procedure for finding coexistence boundaries based on mutual invasion conditions is similar to the basic model. Here, we present the invasion conditions in terms of the range of intrinsic growth rates, g 2 , that allow mutual invasion for all possible vulnerabilities, s 2 , of the weaker resource competitor. For each value of s 2 , the upper limit of g 2 is set by the condition for prey 1 to invade a system consisting of N 2 and P at equilibrium: Similarly, the minimum g 2 is set by the invasion condition for prey 2: and the maximum g 2 is set by the invasion condition for prey 1 in the absence of predators:
Inequalities (9)-(11) define minimum and maximum values of g 2 in the absence of transients. The parameters in equation (8) (8), the range of g 2 allowing coexistence is reduced by 0.30. If s 2 is increased to 0.3 in this example, the range of d 2 allowing coexistence from figure 3A is reduced by 0.71 by transients, while the range of g 2 is reduced by 0.69, a nearly identical quantitative change. These and other numerical results for the comparable Lotka-Volterra model suggest that the added lag produced by resource dynamics has little impact on 
Two Resources
It is unlikely that two consumer species will have absolutely identical resource utilization given the stringent criteria needed for a set of entities to qualify as a single homogeneous resource (Abrams 1988) . Thus, it is also important to consider how the results are altered when there are two resources that are utilized differently by the two prey. Here, we treat a relatively simple situation with two resources in which each prey has a different "preferred" resource that it captures at a greater rate than its "nonpreferred" resource. The attack rates of prey species 1 on resources 1 and 2, respectively, are and , while prey 2
has attack rates and on resources 1 and 2; k (1 Ϫ k)c kc 2 2 varies from 0.5 to 1 and describes the degree of specialization on the preferred resource. Thus, resource 1 changes according to
The numerical response of each prey species is proportional to its total consumption of both resources, and for simplicity, we assume that the conversion efficiencies of prey i are equal for both resources. This model changes both the theoretical invasion limits and how the transients affect these limits. Although resource partitioning reduces transients, simulations of a range of systems suggest that transients still produce extinction over a wide range of parameters predicted to allow mutual invasion, provided overlap in resource use is substantial. Figure 6 presents results for a two-resource system analogous to that for figure 4. For a wide range of levels of resource overlap (k), the minimum density of N 1 during transients was still low enough to imply extinction under most reasonable equilibrium population sizes. When k is significantly above 0.5, the two prey can coexist in the absence of the predator, and a second assembly route (adding the predator as the final species) becomes possible. This modifies the coexistence bounds in a complicated manner. The more vulnerable prey (species 1) still has a low minimum density during the transient dynamics following predator invasion, but this minimum is often not monotonically related to the death rate of prey 2. In the example in figure 6, this invasion sequence becomes possible when , and k 1 0.6147 this makes assembly possible for some intermediate values of d 2 . However, these cases do not represent predatormediated coexistence and are not germane to the present discussion. Nevertheless, it is important to note that transient dynamics can lead to exclusion in the presence of the predator, even in cases where coexistence without the predator occurs.
Additional Variations on Equation (1)
There are several related food web models that deserve at least a brief mention here. The following comments are based on more limited simulations of these variant models. First, it is possible to have higher-trophic-level predators that consume the predator species in equation (1). Unless these higher-level predators have alternative foods or direct density dependence, they will eliminate coexistence of prey 1 and 2 by regulating the density of the predator at a fixed abundance. Alternate foods or direct density dependence of these top predators can allow prey coexistence, and at least direct density dependence has a stabilizing impact on the entire system. However, this stabilization often does not sufficiently dampen the crash in prey 1's density following the addition of prey 2 to allow coexistence. Furthermore, including a fifth, as well as a fourth, trophic level reduces the impact of the fourth level on prey dynamics.
A second class of modification of equation (1) is a change to nonlinear functional responses for the consumer species. Most measured functional responses saturate at high prey densities, suggesting that the addition of a handling time to the linear functional responses in equation (1) would produce a more realistic model. Abrams (1999) showed that sustained limit cycles, which frequently occur in such models, greatly reduced the possibility of coexistence even without a consideration of transient dynamics. However, numerical analysis of these models (P. A. Abrams, unpublished data) shows that the initial (transient) cycles in such cases are much larger in amplitude than are the final cycles, and a consideration of transients produces a reduction in coexistence bandwidth comparable to the models with zero handling time.
A third class of extensions involves the addition of adaptively variable predator defense in the more vulnerable prey species. There is a growing body of theoretical and empirical work showing that adaptive behavior affects community dynamics (reviewed in Bolker et al. 2003) . Recent work by Vos et al. (2004) has suggested that inducible defenses can greatly dampen transient fluctuations that would otherwise occur in two-and three-species food chains. We have analyzed a model in which the more vulnerable prey can adaptively adjust its level of defense at the expense of a lower capture rate of the resource. Specifically, we assume that the resource capture parameter c 1 increases with vulnerability s 1 according to a MichaelisMenten relationship. This means that the vulnerable prey species can become completely defended, but this reduces its resource capture to 0. (Prey 2 is assumed to have no adaptive change in defense because it experiences very little predation in the original model.) Following Abrams and Matsuda (2004) , we assumed that the parameter s 1 changes at a rate proportional to the rate at which individual fitness (here, per capita growth rate) increases with the parameter s 1 . This model does increase the transient minimum density experienced by this prey relative to the minimum for equation (1). However, it is necessary that adaptation occur very rapidly to increase the minimum significantly. If there is a minimum predator vulnerability, s 1min , that is independent of behavior, the transient minimum density of species 1 (following introduction of prey 2) becomes even less sensitive to behavioral change.
A final possible extension of equation (1) is the addition of a second predator species. However, unless at least one of the predators is limited by some factor other than its food, then two predators cannot persist in a system with only the first prey species. Invasion of the second prey would be required to support a second predator. This leaves us with the same required invasion sequence as in equation (1) with the attendant problem of low population densities during the transient dynamics. Steiner and Leibold (2004) assembled Lotka-Volterra food webs using randomly generated parameters and compared their dynamics at different productivities. These communities frequently exhibited compositional cycling in which food chains would build up quickly, collapse due to the invasion of a resistant form on a middle trophic level, and then return to the original food chain. These models have more species than any of those considered here and do not consider transient fluctuations. However, their cyclic long-term dynamics are similar to what is predicted to occur with four species governed by equation (1) when there is repeated reintroduction of species. Transients following introduction of resistant prey cause extinction of the vulnerable prey and the predator. Subsequent reinvasion of the vulnerable prey will displace the resistant prey, the predator will then reinvade, and the cycle will repeat itself. In another multispecies analysis, Chen and Cohen (2001) studied Lotka-Volterra food web models with up to 30 species. Although they did not report minimum densities, they found that the maximum amplitude of the transient fluctuations that followed a perturbation increased as the number of species in the web increased.
Summary of the Results of Variant Models
The conclusion from the various modifications of equation (1) considered here is that the transient oscillations that significantly restrict the opportunity for coexistence of species based on equation (1) are found in a wide range of related food webs involving both shared predation and shared resources. The models considered here assume a temporally constant and spatially homogeneous environment, which is true of most previous analyses of keystone predation (e.g., Armstrong 1979; Abrams 1993 Abrams , 1999 Abrams , 2004 Holt et al. 1994; Leibold 1996) . Temporal environmental stochasticity is likely to increase the probability of extinction during transient oscillations (Lande et al. 2003) . Spatial structure of the environment may permit coexistence via cyclic colonization-extinction dynamics in each patch as in the repeated reintroduction scenario described in the preceding paragraph.
Discussion
Review of Findings and Predictions
The result that we have stressed above is that the conditions for coexistence of species sharing a resource and a predator are likely to be much more stringent than has previously been thought (e.g., Chase and Leibold 2003) . In a food web that is assembled by successive invasions of species, the transient dynamics that occur after an invasion can force one or more resident species to a density that is low enough that extinction is virtually assured. Our analysis suggests that such transients are likely to occur when the less vulnerable competitor invades a system containing both the predator and the more vulnerable prey. Hence, the system does not reach a final state with both competitors present despite having a stable four-species equilibrium. This phenomenon substantially reduces the region of parameter space in which predator-mediated coexistence is predicted by a standard equilibrium analysis. In many cases, the region is reduced by more than onehalf, so this is far from a trivial effect. We have noted above that the reduction can be as much as 90% in some situations where the "less vulnerable" prey species is actually completely invulnerable to the predator. This casts some doubt on a number of recent analyses arguing that the diamond-shaped web contributes strongly to multispecies coexistence in biological communities (Leibold 1996; Grover 1997; Chase and Leibold 2003) . These theoretical studies and others have used an equilibrium-based analysis that does not take into account the transient dynamics that follow invasion. Our findings imply that even when the better competitors among the prey species are more vulnerable to predators, the effects of predators on prey biodiversity may not be positive. There has been a surprising lack of consistency in the results of empirical studies that have attempted to determine how predators alter the number of prey species that can coexist; different systems suggest that predators increase or decrease the diversity of competing prey (reviewed in Chase et al. 2002) . The work presented here is certainly one factor that will influence the answer to this question. Most of our models have focused on the special case where two prey species are completely unable to coexist without the predator. However, we showed that transient dynamics can also produce exclusion in systems with two or more resources and resource partitioning between the prey species. In these latter cases, the coexistence without the predator may be possible in some cases where it is either impossible or less likely in the presence of the predator because of transient fluctuations. Again, the results presented here predict that positive effects of a generalist predator on the number of coexisting prey will be most likely when the predator has relatively rapid dynamics, when the predator is not very efficient, and when the competing prey consume abiotic (sensu Armstrong and McGehee 1980) rather than biotic resources. It would be interesting to determine whether there was a correlation between any of these factors and the observation that predator addition increased the number of coexisting prey species.
Empirical Evidence for Transient Dynamics
One of the most thoroughly studied empirical examples of the diamond web is a laboratory system in which two strains of E. coli are the prey and a bacteriophage is the predator (Bohannan and Lenski 1999, 2000) . Bohannan and Lenski's (1999) initial experiment began with a system having both more and less vulnerable strains of E. coli but was invaded by an invulnerable strain. The invasion of this form did not appear to produce any extreme oscillations in density. However, this is to be expected in a system where the predator has much more rapid dynamics than does the prey (Bohannan and Lenski [1999] estimate that, on average, 98 phage are produced for each infected bacterium) and where the lowest trophic level (glucose) has chemostat dynamics.
Other than this microbial system, we have been unable to find examples of laboratory or field studies in which the dynamics of both prey were followed after introducing a resistant competitor into a three-species food chain. However, there are indications from both field and lab studies that coexistence can be affected by transient dynamics in larger food webs. Warren et al. (2003) assembled communities in the laboratory using six species of protists. They found that a number of communities that would persist when all species were introduced at sufficiently high densities could not be produced by sequential introductions of rare invaders. They also found that "the time required to reach a persistent state after invasions is long enough, in some cases, to require investigation of assembly along the transients of the resident population densities" (Warren et al. 2003, p. 1,010) . Fox (2004) also suggested that there were likely to be long-lasting transients in his experimentally assembled communities consisting of several species of phytoplankton and herbivores. In a comparison of short-(3-year) and long-(≥20-year) duration field experiments involving nutrient addition to lakes, Dodson et al. (2000, p. 2,662) concluded, "Experimental addition of nutrients produced varied and unpredictable responses in species richness, probably due to transient dynamics and time lags." We could not determine whether these results were driven by diamond-shaped subwebs within these systems, but aquatic communities are some of the systems in which such subwebs are most often described.
Empirical Evidence for Parameter Values in Diamond Webs
Conditions that favor high amplitude transient cycles seem likely to occur in a variety of natural communities. In particular, predators often have slower dynamics than their prey as the result of generally larger body size (Moloney and Field 1989; Cohen et al. 2003) , and less defended prey species are likely to have more rapid dynamics than their more defended competitors (due to the added developmental time required to produce defensive structures). The aquatic systems that are frequently the subject of such analyses typically fit these conditions. For example, Andersen's (1997) book includes a review of measured maximum per capita growth rate of zooplankton grazers and the phytoplankton prey. The zooplankton intrinsic growth rates range from 0.12 to 0. ) . This suggests that predator dynamics are generally significantly slower than prey dynamics in nutrient-phytoplanktonzooplankton systems. Another factor that is important in generating transient dynamics is a low food intake requirement of the predator. Andersen's (1997) review of measured threshold food levels for different zooplankton species found that the minimum and maximum values differed by approximately a factor of 50. This suggests that there should be many zooplankton predators whose efficiency is high enough to generate long transients. For comparison, the food requirement for the predator in the system illustrated in figure 2 (where there are large transient cycles) is only one-sixth of the maximum requirement that will allow predators to persist on the better prey species. In applying our results to planktonic systems, however, it is important to note that their population sizes are often large enough to withstand high-amplitude transients and that egg banks or resting stages could provide a stabilizing mechanism in such systems. More generally, work on predator-prey systems suggests that predators most often have growth rates that are significantly less than those of their prey (Moloney and Field 1989) and that predators produce a reduction in prey densities by at least a factor of two (Sih et al. 1985) , suggesting a relatively high efficiency.
Our work suggests several potential explanations for observed coexistence in systems in which prey share predators and resources. These include resource partitioning between prey species, spatial heterogeneity, the presence of abiotic resources, or simply very large population sizes. All of these potentially apply to many nutrient-algal-grazer systems. Even if local coexistence cannot occur, regional coexistence in an array of similar habitat patches with immigration may be possible. Here, regional coexistence may involve a shifting pattern of invasion and exclusion, with the more vulnerable prey species arriving in a resource-only patch, the predator invading next, both these species being excluded by the invulnerable prey, and that prey in turn being excluded by new immigrants of the more vulnerable prey, which is a better competitor.
The results outlined here could apply to coexistence of genotypes as well as species. It is clear that large transient oscillations are also expected when a well-defended mutant type arises in a vulnerable prey population under asexual reproduction. Dominant mutants of large effect in sexual populations are also likely to produce large transients under similar conditions. Although evolutionary change in interactions is not included in equation (1), the preliminary results for the model with adaptively changing defense in the more vulnerable species suggests that transient oscillations may still be an important cause of extinctions when there is adaptive change in prey defense.
Implications beyond the Diamond Food Web
For the vast majority of theoretical studies of food web dynamics, there is no evidence that the investigator examined the amplitude of the transient cycles that follow invasion of one or more components of the community. The two authors of this study have certainly been guilty of this failing in the past. Yet it is clear from our analysis of slightly more complicated models that the diamond food web is not the only type of system in which transient fluctuations may effectively prevent coexistence of a set of species. Such transients could have a major impact on the types of communities that are likely to persist in a stochastic environment. A wide range of models in ecology and evolution have assumed coexistence when all component species or types can invade and when successful invasion is eventually followed by dynamics that are bounded away from zero (e.g., all of the models in books by MacArthur [1972] , Tilman [1982] , and Chase and Leibold [2003] , to name a few). We need to understand when coexistence really follows from these conditions if we are to predict what environmental changes might either allow or eliminate coexistence.
Previous discussion of transients in models has focused on the possibility that coexistence might be maintained for relatively long periods in systems where exclusion was the ultimate outcome (McCann and Yodzis 1994; Hastings 2004 ). This work shows that the opposite phenomenon also occurs. Holt and Hochberg (2001) were apparently the first to note this possibility for systems with more than two species. They presented a single numerical example of apparent competition where prey coexistence is rendered less likely because of a crash in the abundance of one prey species following introduction of a second prey species. This example is similar to our two-resource model with no overlap in resource use by the two prey; as in that model, Holt and Hochberg's (2001) system does not produce minimum prey densities nearly so small, relative to equilibrium, as in the model of the diamond web discussed here. However, even transients with minima that are only two or three orders of magnitude less than the equilibrium density are likely to be important in small populations. In fact, the possibility of such transients reinforces that argument (Abrams 2002 ) that current conservation biology should be paying more attention to the community ecological context of the focal species. Exclusion due to transient dynamics is likely to occur in some two-trophic-level systems with competition for biotic resources. A theoretical example is provided by Abrams's (1998) twoconsumer/two-resource model. In this case, one consumer, when present alone, will cause extinction (via apparent competition) of the resource that it consumes more rapidly. The first consumer will then be forced to very low densities by invasion of a competing consumer that is better at exploiting the remaining resource. Whether the first consumer is actually excluded or recovers depends on its absolute initial population size and the amount of time required for regrowth of the depleted resource.
There has been considerable interest in the question of whether biological communities have alternative states (e.g., Scheffer et al. 2001; Scheffer and Carpenter 2003) . If the sorts of dynamics that are demonstrated here are common, then what appear to be alternative states may represent the fact that some invasion sequences result in the loss of some potential community members via large amplitude cycles. This possibility has significant management implications if one of the states is deemed more desirable than the other. It is usually very difficult to shift one of two or more true alternative attracting states to another configuration. However, it is possible that some of the presumed alternative states are simply the byproduct of species loss during large transient cycles. If this is the case, it may be relatively easy to shift the system away from a particular state by a low level of immigration of some or all species.
The transient cycles that we describe for this deterministic model are likely to result in sustained oscillations in natural systems where environmental perturbations are likely to keep a system from approaching its equilibrium. Even if species persist during the oscillations, the fluctuations in density have a variety of implications for any larger food web in which such a diamond-shaped module is embedded. For example, if there is nonlinearity in the functional or numerical responses of species on a fourth trophic level, oscillations of the third level decrease the mean population growth of that fourth-level species and may exclude it entirely (Abrams and Roth 1994) . There are no doubt many more food webs in which highamplitude transient cycles can make a difference between existence and extinction.
The four-species food web given by equation (1) is clearly much simpler than most natural webs. However, many aquatic ecologists have used this model (or a slight variant of it) to represent interactions in natural food webs (Porter 1977; Leibold 1989 Leibold , 1996 Carpenter 1992; Grover and Holt 1998; Chase and Leibold 2003) . Furthermore, the central result is preserved under many modifications of the model, including different resource growth functions, different functional responses, and the presence of more than one resource with resource partitioning between prey species. Our preliminary results suggest that similar transient cycles occur in many larger food webs in which a diamond-shaped model is embedded. Certainly, the widespread lack of explicit analysis of transients suggests that many previous models predicting coexistence of either species or genotypes should be reexamined in light of the possibility that transient cycles during assembly of the community may prevent coexistence.
